Introduction.
Infrared radiation of a thermodynamically nonequilibrated gas bears wealth of information about molecular distributions among the internal degrees of freedom. The distribution may be determined from the relationships between gas emissivity in an appropriate spectral region and populations of the vibrational-rotational levels of the radiating molecules [1] . It can be done both by analytical [2] and numerical [1] methods. Radiation intensity and absorptivity of carbon dioxide have been calculated at 4.3 ym in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , at 2.7 pm in [6, [10] [11] [12] [13] and at 15 ym in [10] In this work a systematic numerical calculation of the radiation at 15 gm has been carried out for arbitrary CO2 vibrational distributions within a wide range of gas flow parameters, including, in particular, the conditions in the cavity of a gasdynamic CO2 laser operating in the 9-11 ym [15] (Boltzman vibrational distribution) and [16] [17] [18] [19] gm [16] (non-Boltzmann vibrational distribution) spectral regions.
The calculations of the 16-19 9M CO2 Band radiation parameters have been based on precise determination of spectrum shape in the 15 gm band [17] and the recent results of determination of the individual vibrational-rotational transition parameters in this band [18] , taking into account the influence of Fermi-resonance on vibrational transition intensities and rotational line spectral positions. [14] . This band possesses a number of features important for the calculation of the IR radiation transfer. These features include strong Q-branches and the dominating effect of the interaction between symmetric stretching and bending mode levels due to Fermi-resonance on the matrix elements and the spectral distribution of individual vibrational transitions which constitute the 15 gm band.
We will now consider in brief the C02 radiation spectrum in the 15 ym band. This band is made up of vibrational transitions with nonzero matrix elements of the dipole moment components perpendicular to the molecular axis. According to [19] , the selection rules for a « perpendicular » vibrational transition in CO2 can be written as :
where 1 is vibrational moment of molecule, J is rotational quantum number, g and u stand for evennes and oddity of the vibrational wave functions with respect to inversion, respectively, + and -are signs of the rotational level [20] . In accordance with the selection rules (2 .1 ) [19] . Therefore, the vibra- Using the rotational energy formula and considering the difference of the rotational constants for combining levels we obtain that the interval between the adjacent rotational lines of the sub-bands is in P and R-branches (2. 4a) in Q-branches (2.4b) where m = -J for the P-branch, m = J + 1 for the R-branch and m = J for the Q-branch, 1 B'-B " |~B', B" ; for the adjacent lines it was assumed J" = J -1
and J" = J + 1. It is seen that in the P and R-branches far from the band head in a system of the vibrational- 3. Détermination of rotational structure-averaged radiation and absorption characteristics of P and R-branches of vibrational transitions in the 15 pm band.
The radiation intensity and absorptivity A were calculated by a procedure described elsewhere [12, 13] . The averaged I(03C9) and A(w) values were determined in the wave number range dcv = 1-10 cm-1.
The averaging range I1w was chosen to meet the requirement of a small (less than 10 %) variation of rotational line intensity of an individual vibrational transition in the spectral range [03C9, co + I1w].
To determine the averaged radiation intensity in the P and R-branches of the 15 pm band we used the isolated line model according to which [21, 22] Application of the isolated line model to the calculation of radiation intensity in the P and R-branches is jùstified in the pressure range P 0.1 atm and optical path lengths X 1.0 atm. cm, because under these conditions the rotational line width is one-two orders of magnitude smaller than the distance between the adjacent lines in the band [12, 13] . In determining the absorptivity in the P, R-branches of the 15 pm band we used a model [21] assuming a random line distribution in the spectrum and
The values of A(co) in the P and R-branches calculated for the conditions considered in this work using the statistical and isolated line models agree to within 5 %. The equivalent width of the Voigt-contoured rotational lines were determined by the procedure described in [11] [12] [13] where 03C9v'J'~v"J" is the wave number at line centre, p2 = 03B22v'~v" is squared matrix element of the dipole moment due to a variation of the molecular vibrational state, RJ'l'J"l" is an amplitude factor due to molecular rotation.
To calculate the radiation in the vibrational-rotational bands it is convenient to use the integrated intensity of individual vibrational transitions 03B1v'~v". The values of 03B1v'~v" are determined as follows [21 ] :
The amplitude factors due to molecular rotation may, if the rotation-vibration interaction is ignored, be written as [21] :
for P and R-branches for Q-branch.
Using the amplitude factor expression and assuming that w = 03C9v'~v", gJv = (2 -03B4o1) ( [2, [24] [25] [26] [27] [28] and were 0.087 cm-1, 0.067 cm-1, 0.04 cm -1 and 0.05 cm -1 for the collisions C02-C02, C02-N2, C02-He and C02-Ar, respectively. The value of ÏL in a gas mixture under arbitrary temperature and pressure was determined using the formula reported in [26] :
where Çn are molar concentrations of the components. Calculation of absorptivity in the 15 ym band for both the minimum and maximum halfwidths (03B3(n)L)o as regards the rotational quantum number gives the maximum discrepancy of less than 5-10 % at the lowest investigated temperature T = 100 K. The maximum discrepancy for medium values of (03B3(n)L)o is within about one half of the above value and becomes even less than 1 % as the gas temperature is raised to 300 K.
The relationship between Sv'J'+-v"J'" 03B4(m), RJ'l'J"l" and the rotational quantum number J was transformed for the lines in the P and R-branches into a dependence on the wave number co. This was done using the formulae following from the energy expressions for vibrational-rotational states of CO2 [19, 21, were based on an exact integral form of the Voigt function ; at large distances from the centre the shape was approximated by [21] :
where TL and 03B3D = 03C9v'J'~v"J" c ~2 RT 1n 2 03BC are the collisional and Doppler halfwidths, 03BC is molecular weight.
The ÏL values were found as described in section 3 of this paper.
5. Calculation procedure.
The following assumptions concerning the vibrational and rotational relaxation processes were made in population calculations of the vibrational-rotational levels of CO2, N,,. Under the conditions normal in C02 lasers rapid rotational-translational relaxation takes place [29] . This values for CO2(700-2 500 cm-1). The shift of the vibrational levels of the bend-stretch manifold due to Fermiresonance is within 50 to 100 cm -' [19] , which is comparable with the vibrational quantum value of the bending mode. Therefore, the vibrational level energies of the bending mode Ev1v2o have been determined from the experimental data reported in [18] and are listed in table I. The Li(co) functions for the two types of vibrational distributions in the C02 bend-stretch manifold (5.1) and (5.2) have the form :
In describing the spectral distribution of radiation in the 15 03BC band the positions of vibrational transition centres between the levels with unexcited states of the asymmetric mode v'1v'2l' 0 ~ v"1 v"2l" 0, the 03C9v'1v'2l' 0~v"1v"2l"0 values were determined with allowance for the interactions between the different types of vibrations and their anharmonism on the basis of the data reported in [18] and listed herein in table I. Allowance for the displacement of the vibrational levels of the bend-stretch manifold due to the interaction with asymmetric vibrations at v3 1 was determined in the linear approximation with respect to the quantum number V3 [18] that are also necessary for calculations. The interaction between the asymmetric mode and bend-stretch manifold was ignored in calculations of these values for states with the excited asymmetric mode which enabled us to put 03B22v'~v" = 03B2v'1v'2l'0~v"1v"2l"0.
and 0394Bv'~v" = 0394Bv'1v'2l'0~v"1v"2l"0. From the data of [18] it follows that the excitation of the asymmetric mode little effects 03B2v'~v" and 0394Bv'~v" for vibrational tran- obtains that the width of Q-branch does not exceed 4 % of the combined width of the P and R-branches. The rotational line density 1/b is determined by (3.4) and, therefore, the absorptivity in the Q-branches is 10-1000 times as high as that in the P and R-branches. [34] (the dash line), P = 0.2 atm, T = 300 K.
this work and the experimental measurements of [33] and the results obtained by direct integration over the spectrum [34] does not exceed 5 %. From the data of figure 3 it follows that the more levels are considered the higher is the absorptivity result which finally approaches the ultimate limit.
The number of levels that have to be considered to attain a calculation accuracy of 10-15 % is, according to the data of figure 3 : three for the optical length X = 10-3 atm. cm, four for X = 10 -2 atm. cm and about 6-7 for X = 10-1. In further calculations we used V2. (Fig. 4) . Since the absorptivity variations in transition from distribution (5. 1) to (5.2) have different signs in different spectral regions of the 15 gm* band (Fig. 4) (5.2) . Therefore, the effect of distribution function form in the combined mode on the integral radiation intensity in the entire 15 pm band is also found to be relatively small and never exceeds 5-6 %. These results prompt a conclusion that measurements of the integrated radiation intensity or integrated absorption in the 15 pm band allow to obtain information about the total number of vibrational quanta in bend-stretch manifold and, consequently, about its vibrational temperature Ti 2.
The Q-branches of the 15 pm band extend through much narrower spectral ranges than P or R-branches. As a consequence, while having the integrated absorptivity comparable with that of the P and R-branches, Q-branches have a higher average absorptivity. The relative contribution of Q-branches into the integrated radiation of the 15 gm band under different gas pressures is illustrated by figure 5 . It shows the ratio of the integrated absorptivity of the 15 ktm band, AP,R (ignoring the Q-branches) to the total integrated absorptivity, AP,R,Q, including P, R and Q-branches, as function of the optical path X. As X decreases, this ratio tends to 1/2 which is the theoretical limit for an optically thin layer ensuing from formula (3.6) and relationship A -S.X. When the optical path increases the relative contribution of the Q-branches into the radiation of the band decreases. The reason is that the higher absorptivity of Q-branch causes absorption saturation at much lower optical path length as compared with the P and R-branches. dependence of I on pressure is much weaker, which corresponds to smaller radiation re-absorption. In the limiting case of « weak » lines Kv'J'~v"J" X ~ 1 the radiation intensity is independent of gas pressure.
Note that since the pressure of the active medium of a gasdynamic laser varies in a wide range P = 10-3 to 0.1 atm, the A(P) and I(P) relationships are considerable. Temperature and pressure effect on the integrated absorptivity are similar in behaviour and comparable in magnitude. From the data of figure 6 it follows that the major factor affecting the radiation intensity in the 15 gm band is the vibrational temperature of the combined mode T1,2. A variation of the vibrational temperature T 1,2 from 200 to 800 K increases the radiation intensity 100-fold (Curves 1, 2 and 3, Fig. 6 ). The effect of the vibrational temperature of the asymmetric mode T3 (curves 2, 2' and 2") on 7 is much weaker than that of T1,2. As a result of calculations carried out in this work it has been found that the effects of the vibrational temperatures T3 and T1,2 and gas pressure on the integrated absorptivity of the 15 pm band under conditions typical of a CO2 gasdynamic laser are comparable in magnitudes. Therefore, the vibrational temperature T1,2 may be determined from measurements of the integrated radiation intensity of the 15 pm band.
6.2 SPECTRAL Q-BRANCH PARAMETERS. -A detailed structure of the most intensive Q-branches of the 15 03BCm band averaged with respect to the rotational lines is shown, under conditions of figure 4, in figure 7 in the bar chart form. It is seen that the particular form of the function of distribution between vibrational levels strongly affects the spectral distribution of absorption in a number of the Q-branches. The complex structure of the Q-branches numbered 6, 7 Table II) is due to the fact that they are formed as a result of superposition of the rotational lines of several vibrational transitions shown in figure 7 . Figure 8 shows, under the same conditions a histogram of the 'spectral absorption of No. 10 Q-branch with resolved rotational structure. The complex, irregular spectral structure is due to superposition in this spectral region of two Q-branches of the transitions 10°0-O110 and 20°0-1110.
Thus the data of figures 7 and 8 prompt a conclusion that the effect of distribution in the bend-stretch manifold on spectral and integrated absorption of the Q-branches in the 15 J.1m band is strong. The absorptivity in Q-branches (Nos. 1-12 in figure 4 ) is much higher than that in P and R-branches in the corresponding spectral regions. This allows to record absorption in individual intensive Q-branches of the 15 gm band. Since the absorptivities of individual Q-branches are determined by the populations of the combining vibrational levels, absorptivity measurements may be used for determining the populations of individual vibrational states of carbon dioxide.
In conclusion, we present comparison of the calculation of absorption in the Q-branches of the 15 gm band through the « line-by-line » integration over the spectrum with that based on the vibrational-rota- does not exceed 10 %. The integrated absorptivity of Q-branch No. 10 is 3.84 cm-1 by the « line-by-line » integration and 3.92 cm -1 by the statistical model. Thus the application of the statistical model for Q-branch absorptivity calculations under conditions typical of gas dynamic C02 lasers results in an error of not more than 10 % for spectral and 5 % for integrated absorptivity. Using them it is possible to determine the integrated characteristics of Q-branches having a spectral width of between 0.5 and 1.5 cm -1. Therefore, further investigations in this work concerned the integrated absorption of Q-branches of which the most intensive were chosen where absorption is much higher than that in P and R-branches. The branches of the spectral regions Nos. 6 and 7 were not considered because the Qbranches of many transitions overlapped at these points. Besides, the strong ré-absorption in spectral region No. 7 of atmospheric CO2 adversely affects measurement accuracy.
The results of investigation of the relationships between the integrated absorption of Q-branches and optical path length are shown in figure 10 . It is seen that the radiation in Q-branches is re-absorbed. As the optical path length increases the A versus X relationship becomes weaker. The data of figure 10 also illustrate the relative integrated absorptivity in the most intensive Q-branches of the 15 pm band.
Results of investigation of the effect of vibrationally-nonequilibrium gas parameters The relationship between the integrated absorptivity of Q-branches of the 15 03BCm band, A, and gas pressure is shown in figure 1l . For weak Q-branches (Nos. 1, 3, 9) a gas pressure variation by as much as three orders of magnitude from 10-4 to 0.1 atm results in no larger than a 30 % increase of absorption. For more intensive Q-branches the corresponding increase is a 2-4 fold one which is tangible. The increase of A dependence on pressure P in intensive Q-branches is due to the increased radiation re-absorption and line overlapping.
The effect of gas temperature on integrated absorptivity of Q-branches is illustrated in figure 12 . For intensive branches (Nos. 4, 5, 8 and 10 ) the integrated absorptivity increases by [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] % as temperature T varies from 50 to 300 K. In the less intensive Qbranches the corresponding increases do not exceed 5 %. The increased absorption with increase of gas temperature is due to a smaller radiation re-absorption owing to molecular redistribution between a larger number of rotational levels. The effect of vibrational temperature of the asymmetric mode on the absorption of these Q-branches is shown in figure 13 . (Table IV) . Therefore, from measurements of the integrated radiation parameters of Q-branches one may obtain rejiable estimates of the 
